Dealing with position control of Linear Induction Motors (LIM), most strategies in bibliography are based on Secondary Flux Oriented Control (SFOC) and Direct Thrust Control (DTC). However, SFOC of linear induction motors needs complex identification methods to compensate parameter variation during operation, mainly due to local heating and end-effects. On the other hand, DTC based methods for LIMs introduce thrust ripple and have problems at low and zero speed.
Dealing with position control of Linear Induction Motors (LIM), most strategies in bibliography are based on Secondary Flux Oriented Control (SFOC) and Direct Thrust Control (DTC). However, SFOC of linear induction motors needs complex identification methods to compensate parameter variation during operation, mainly due to local heating and end-effects. On the other hand, DTC based methods for LIMs introduce thrust ripple and have problems at low and zero speed.
In this paper, a new Indirect Thrust Control (ITC) based strategy for position control of linear induction motors that makes up for these drawbacks is presented. The primary flux control algorithm is stated for normal and full-voltage operation. Also, the position control loop design methodology and the method for automatic adjustment of compensators are presented. Experimental results are presented to evaluate the performance and sensitivity of the control strategy. Finally, some conclusions are drawn about the applicability of the new algorithm that demonstrate the main advantages versus SFOC and DTC.
There are many control strategies in bibliography that try to cope with the problem of position control of LIMs. Most of them are based on SFOC and DTC, but several problems arise.
In order to solve these problems, it was presented in [1] a primary flux oriented control that achieves smooth speed control and unsensitivity to secondary resistances variation. Afterwards, in LDIA2003, Indirect thrust control was presented [2] .
In consists of a primary flux oriented control with an openprimary flux-loop that achieves very good thrust performance. Moreover, it permits the exact derivation of the thrust characteristic equation.
In this paper, this equation is used to design a position control scheme. The equation is linearised and a transfer function that accounts for the whole performance of ITC plus LIM is obtained (1) .
where F is the thrust, ω 2 is the slip frequency of primary flux phasor, ω m is the motor electrical speed, r 2 the secondary resistance, σ the total leakage factor, L 2 the secondary self-inductance, and the subscript op accounts for the operating point for the linearization. The position control scheme is shown by Figure 1 .
Fig. 1. Position control arrangement
M and C are the mass and the viscous friction coefficient. Together with this arrangement, and the transfer function (1), it is possible to obtain a global transfer function, that permits the adjustment of the compensator gains for an exact placement of the poles of the system.
Several experimental results will be presented to validate the position control strategy. A laboratory prototype has been tested with position step and ramp commands, and a complete sensitivity analysis has been made. Figure 2 shows a position step test with a 2 s settling time command. It is remarkable that the settling time achieved is very near to the specification.
Fig. 2. Position step test
In conclusion, a new control strategy for linear induction motors is presented, capable of compensating, or even eliminating, several critic problems of the control of this kind of machines.
Introduction
It is well known that the lumped parameters of a generic induction motor are altered by temperature, magnetic saturation or skin effect, and may vary during the operation of the machine. Dealing with Linear Induction Motors, some specific effects (1)-(3) add up more uncertainty to the real value of these parameters.
-Local heating in the conducting secondary plate modify secondary resistance value.
-The dynamic end-effects that appear at high speeds weaken the magnetic field in some areas of the airgap, and thus the magnetizing inductance value decreases.
-The motor phases have not equal electric and magnetic parameters due to the asymmetric constructive configuration and the effects mentioned above.
-Control strategies based on SFOC need complex methods for secondary time constant and magnetizing inductance tuning. Especially if unbalanced operation must be considered (4) (5) . -DTC based strategies have serious problems at low and zero speeds due to integrators used by the primary flux estimator and present ripple in the flux and thrust responses. Moreover, the start-up performance is not optimum because there is no primary flux in absence of thrust command (6) . In order to solve these problems, Gastli presented a primary flux oriented control (7) that achieves smooth speed control and unsensitivity to secondary resistances variation. Afterwards, in LDIA2003, Indirect thrust control was presented (8) . It consists of a primary flux oriented control with an open primary flux loop that achieves very good thrust performance. Moreover, it permits the exact derivation of the thrust characteristic equation.
In this paper, this equation is used to design a position control scheme. The equation is linearised and a transfer function that accounts for the whole performance of ITC plus LIM is obtained. The arrangement of the speed and position control loops is described, and, also, a very simple method for calculating the gains of the compensators is presented.
Indirect Thrust Control
ITC strategy is a primary flux oriented control with neither flux estimators, nor current compensators. Thus, it consists of a simple algorithm, very easy to implement on a DSP.
The control variables are the primary flux phasor modulus | Ψ 1 | and the relative angular frequency of the primary flux phasor with respect to the secondary ω 2 .
In nominal conditions, the primary flux phasor modulus must be remained constant, to make the most of the motor. However, it is also possible to change this command for the flux weakening region.
On the other hand, it is well known that, if the primary flux level is constant, the thrust F is nearly proportional to the frequency ω 2 . Thus, the objective of this control strategy is to control the thrust of the motor through the variation of ω 2 (5) (6) . With this aim in mind, the primary voltage equation is discretized, as shown in (1) for a generic instant k.
where: -V 1 (k) is the primary voltage phasor in instant k.
-i 1 (k) is the primary current phasor in instant k.
-Ψ 1 (k+1) and Ψ 1 (k) are the primary flux phasors in instant k + 1 and k, respectively.
-r 1 is the primary resistance and T s the switching period. Ψ 1 (k) and i 1 (k) are known from the previous instant k, and from direct measurement, respectively. r 1 is measured or estimated, and T s is set by the inverter operation. The primary flux phasor in instant k + 1, Ψ 1 (k + 1), is set by the | Ψ 1 | * command and the ω * 2 command, as shown in (2) and (3).
where: -Θ 1 (k + 1) and Θ 1 (k) are the primary flux phasor angles in instants k + 1 and k, respectively.
-∆Θ m (k) is the variation of the electric angle of the motor in one switching period, and should be calculated as
. Obviously, it is not possible to measure Θ m in instant k + 1, so it is calculated from Θ m (k) and Θ m (k − 1). This small error is corrected every switching period when considering the value of Θ 1 (k) in (3), with the aim of not being accumulated along time.
Therefore, (1) is solved for every condition of primary flux phasor modulus and frequency ω 2 , and V 1 (k) is obtained.
Thrust Characteristic
It is very interesting to evaluate the force response of a LIM when controlled through Indirect Thrust Control strategy. In other words, the thrust response when a ω 2 reference and a constant value of | Ψ 1 | * is given. This characteristic can be derived from the secondary voltage equation shown in 4.
where r 2 is the secondary resistance, i 2 is the secondary current space phasor, Ψ 2 is the secondary flux linkage space phasor and ω m is the angular motor speed. The secondary current phasor and secondary flux phasor expressions are the following.
where, L m is the magnetizing inductance; L 1 and L 2 are the primary and the secondary self-inductances, respectively, thus
, being l 1 and l 2 the leakage inductances; and σ is the total leakage factor. By substituting (5) and (6) into (4), the relation in (7) can be obtained.
Under the condition of constant amplitude of Ψ 1 , and thus, introducing the expression Ψ 1 = | Ψ 1 |e jω 1 t in (7), with ω 1 = ω m + ω 2 , it is not very difficult to solve this differential equation and, therefore to obtain the expression of i 1 . This result, the primary current phasor, can be inserted in (8) ,
resulting the expression of the thrust characteristic (9) .
where τ is the pole pitch, p is the number of pole pairs, and i d0 and i q0 are the initial conditions of the primary current in the static d-q reference frame. This expression was first presented by Takahashi and Noguchi (6) for the particular case of zero motor speed.
The transient terms of (9) quickly decay to zero, as the value of r 2 σL 2 is very high in linear induction motors. The main reason is that this value specially depends on the secondary resistance value, which is high in conducting secondary plate LIMs, and on the secondary leakage inductance, which has a very low value (3) . However, a very fast, but not negligible, transient in the thrust response is not desirable. Therefore, a proper design of the position control loop is essential in order to minimise this transient term.
Position Control

Transfer Function
Expression (9) was used to derive a transfer function that takes into account the dynamic performance of a LIM controlled by ITC strategy. This transfer function was later used to design the position control loops. For this purpose, (9) was linearised around a generic operating point and the Laplace transformation was applied to the resultant expression. The transfer function obtained is a quite complex fourth order function (9) , but which is very easily reduced to a first order transfer function with practically no loss of information (10) .
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In order to demonstrate the validity of this aproximation, Fig. 1 presents the thrust responses to a ω 2 step input using (9) for several motor speeds and operating points, and the responses to the same inputs using the simplified transfer function in (10) . The parameters of the linear induction motor used for this comparison are shown in Table I . The simplified transfer function has little discrepancy from the exact calculation of the thrust. Therefore, it can be used to design the speed and position control loops.
Position Control Loops
The arrangement for position control of a LIM that uses ITC as thrust and flux control algorithm is shown in Fig. 2 . It consists of a PID feedback compensator in the speed loop together with a PI cascade compensator in the position loop. In Fig. 1 , R x (s) and R v (s) are the position and speed references, respectively, F p (s) is the disturbance force, and M and C are the mass and the viscous damping coefficient of the system, respectively. This arrangement is the only one that provides a close loop system that presents neither steady state error with position step commands, nor with disturbance force step inputs.
In order to adjust the compensator gains for a required system dynamics a very simple method based on pole assignment has been developed.
Pole Assignment
The characteristic equation of the close loop system is shown in (11). 
-K dp and K di are the proportional and integral gains of the PI compensator.
-K vp , K vi and K vd are the proportional, integral and derivative gains of the PID compensator.
It is possible to identify every term of equation (11) with the terms of a desired characteristic equation that consists of two electrical poles and two mechanical poles (12).
-ξ el and ω el are the damping and frequency of the desired electrical poles and, -ξ mec and ω mec are the damping and frequency of the desired mechanical poles.
This way, the compensators gains are calculated by the following expressions:
These gains are subjected to variation with the motor speed, and also depend on the operating point value of the slip frequency (ω 2 ) op . Therefore, it is convenient to establish some criteria to adjust the compensators in case of a wide range of speed and thrust developed by the motor. A common sense solution is to define several ranges of speed and thrust where different calculated gains would act. For example, three regions of speed: low speed, medium-nominal speed and high speed (that would coincide with flux-weakening region), and another three regions of thrust: no-load thrust, nominal thrust and maximum thrust. This solution would result in a look-up table whith nine different values of the gains depending on the operation of the motor. The number of ranges adopted, and the sensitivity of the drive performance to a sudden change in the compensator gains values, depend on the characteristics of the motor, specially on the value of r 2 σL 2 . In the future, further research will be made in this direction.
Experimental Results
In this section, some experimental results are presented that validate the position control strategy. For this purpose, the algorithm was programmed and applied to the prototype shown in Fig. 3 . This prototype is a 1 kW single sided linear induction motor designed and constructed in TECNUN (10) . The lumped parameters of the LIM prototype were obtained by applying an identification method that combines standstill and no-load tests (10) . Their values are shown in Table 1 . where l 1 and l 2 are the leakage inductances. Fig. 4 shows the motor response to a position step command. The adjustment of the compensators gains is made for ω mec = 2 rad s and ξ mec = 1, so that the theoretical settling time is t s = 2s, and ω el = 500 rad s and ξ el = 1, so that the electrical poles do not disturb the mechanical response. This adjustment has been chosen in order to not to saturate the power supply in the starting-up of the motor, situation that is very common in this low-power laboratory prototype. The compensator gains have been calculated using equations (14) to (17) for ω m = 0 and (ω 2 ) op = 0, just because speed and thrust requirements are low. It is remarkable the good performance achieved by the system, that presents an experimental settling time of exactly 2 s.
Sensitivity
Some tests were made to evaluate the Fig. 3 . Linear induction motor prototype Fig. 4 . ITC Position step response sensitivity of the control to the variation of the motor parameters, and to compare the ITC position control performance with SFOC and DTC performance. Fig. 5 and Fig. 6 show various responses of the proposed control and SFOC, respectively, to a 0.1 m step command. The gains of the compensators are calculated for the same specifications as Fig. 3 test, but with three different cases of precision in the estimation of the secondary resistance value.
-case 1: every LIM parameter is estimated correctly.
-case 2: the estimated secondary resistance value is double of the real value.
-case 3: the estimated secondary resistance value is half of the real value.
The performance of ITC based position control strategy varies with the incorrect estimation of the secondary resistance value because this estimation is used to calculate the compensator gains. On the other hand, although the SFOC uses this value to estimate the secondary flux phasor angle its position performance vary very little from case 1.
With this results, SFOC seems to be more robust to the incorrect estimation of the secondary resistance. However, attending to the energy consumption of the tests (Table 2) , it can be seen clearly that a variation of the value of r 2 causes an The energy value of the test of ITC with r 2 correctly estimated is a little higher than the energy value of SFOC in optimal conditions. This is because ITC is a primary flux control, and does not maintain exactly 90 electrical between currents and secondary flux, as SFOC does. However, in the other two cases, while the energy consumption values of the ITC based strategy vary −4% and +2, 6% from the case 1 value, the SFOC energy values vary −10, 6% and 26, 7% from the case 1 value. This is because the real secondary flux level has decreased or increased in the motor while r 2 estimated value is higher or lower than the real value. On the other hand, there is no variation in the primary flux level when ITC control strategy is used, as it does not depend on the r 2 value. For that reason, the energy variation is only caused by the errors in the compensator gains, and results to be very low.
The main advantage of the ITC based position control strategy versus SFOC, is that the uncertainty of the r 2 value is located in the outer loops (speed and position loops), instead of in the flux estimator. Therefore, the energy provided to the motor is maintained, demostrating that this strategy is more robust to this uncertainty. Another advantage is that it is easier to implement any kind of adaptive system to correct the compensator gains than to correct the flux estimator.
A very similar test has been made to evaluate the sensitivity of the control strategy to the variation of the primary resistance, and also to compare it to DTC strategy. The po- -case 3: the estimated primary resistance value is 50% of the real value.
It is not possible to make tests with a estimated primary resistance value higher than real value because this will surely lead to unstability. Fig. 7 shows the performance of ITC based strategy for the three cases, and Fig. 8 shows the performance of the same three cases for DTC.
It is remarkable the good performance of both strategies to a variation of the primary resistance. However, the proposed control strategy presents smoother and closer responses. On the other hand, attending to the energy consumption values for the three cases, presented in Table 3 , the ITC strategy is clearly more robust than DTC to the variation of r 1 . It presents an energy variation of −2, 7% and −5, 2% from the value of case 1, while DTC presents an energy variation of −45% and −59, 8% from the case 1 value, as the primary flux decreases abnormally in the motor.
Conclusions
In this paper, a new control strategy for positioning of linear induction motors is presented. It is based on the indirect thrust control strategy, and its main advantages derive from the simplicity of the system model that is obtained. The desired motor dynamics can be automatically established through the calculation of the gains of the compensators.
The experimental results presented demonstrate its good performance and its main advantages versus SFOC and DTC, that, to sum up, are the following:
On one hand, in ITC strategy the uncertainty about the r 2 real value is located in the outer loops, while in SFOC strategy is located in the secondary flux estimator. Therefore, there is no variation in the flux of the motor even when an incorrect value is used, and it is easier to correct this deviation by any kind of adaptive system.
On the other hand, the proposed strategy presents better results than DTC strategy attending to positioning performance, energy consumption and unsensitivity to r 1 variation.
